Abstract-High-power microwave amplifier operation has been studied for use in a number of applications. The performance of the amplifiers has been marred, in some cases, by pulse shortening of the microwave signal. A possible source of the shortening is the loss of the beam due to hybrid HEM 11 mode interaction with the beam. In this paper, we describe experiments which investigate high-power operation and the effects of HEM modes on the amplifier performance. We report the high-output powers ( 50 MW) with efficient ( 54%) amplification of microwaves in an -band traveling wave amplifier. In some experiments, peak power levels exceeding 120 MW were measured at an efficiency of 47%. The excitation of the asymmetric hybrid elecromagnetic mode was monitored carefully, but does not seem to have a critical impact on the main interaction process in spite of the fact that its dispersion curve almost overlaps that of the symmetric interacting mode. Theoretical analysis of the interaction in a tapered traveling wave structure indicates that, even if the amount of power in the asymmetric modes at the input of the structure is comparable to that in the symmetric mode, the asymmetric modes cause no power reduction in the symmetric mode. For the case of off-axis beams the TM 01 output power may drop by about 30% and the power in the hybrid mode reach about one third of that in the symmetric mode. In order to avoid hybrid mode excitation it is necessary to suppress the reflections from both ends of the output structure several decibels below the gain level of the asymmetric mode.
Symmetric and Asymmetric Mode Interaction inexample, the high-energy density obtained for a given power translates into large electric fields (100-200 MV/m for 100 MW power). This limits the maximum extractable power. The transit time isolation also would make this method very difficult to use in long pulse devices.
In the experiments described in this paper, we make extensive use of slow wave structure tapers to minimize reflections, and use SiC severs and absorbers to further reduce reflected signals. We demonstrate that the use of appropriately distributed severs and absorbers eliminates the sideband formation without limiting the high-beam power to microwave conversion efficiencies. Particle-in-cell (PIC) simulation [2] using the Magic Code [3] has shown that a combination of tapering of the iris aperture with each successive period until the desired aperture is reached together with extensive use of absorbers can lower the reflection level dramatically and is useful in TWT amplifiers with 40-50 dB gain over the instantaneous bandwidth of the amplifier.
We further report in this paper a series of experiments designed to examine the importance of hybrid modes in highoutput microwave power ( 100 MW) -band traveling wave tube amplifiers. Two amplifiers were designed and tested such that in one case the passbands of the lowest order TM and HEM modes almost overlapped, while in the other the modes were well separated. Hybrid modes have been shown to be important in particle accelerators and may be responsible for the microwave pulse shortening observed in high-power microwave sources [4] . In these experiments the hybrid modes were found to be unimportant and the microwave pulse duration was equal to that of the primary pulse power even at output power levels of 120 MW.
High-beam-to-microwave conversion efficiency is another driving issue in TWT investigations. In the transit-time isolation experiment reported above the efficiency was 20% [5] . Two of the possible reasons for low conversion efficiency are the reabsorption of microwave energy by the "used" electrons and inefficient beam bunching. Coaxial extraction [6] and traveling wave compression [7] concepts have been proposed to solve these two problems. The use of a high-phase velocity input section followed by a low velocity output section has been reported elsewhere and was referred to as using as step taper. It is useful in enhancing the system microwave conversion efficiency. In the coaxial extractor, we use a coaxial beam dump to decouple the microwaves from the electrons and to simultaneously convert the TM mode into a TEM mode. The elimination of the microwave re-absorption by the beam electrons increases the amplifier efficiency and has been 0093-3813/00$10.00 © 2000 IEEE demonstrated using PIC simulations and in experiments at low efficiency ( 20%) [6] . The efficacy of the coaxial extraction method needs to be further verified, however, in high-efficiency, high-power operation. The second efficiency enhancement technique relies on the use of a traveling wave structure with a cold phase velocity considerably above the value required by the synchronous operation condition to produce efficient beam bunching. This concept, which has been developed using PIC simulations [7] , showed that a high-phase velocity bunching section followed by a lower phase velocity output section can then be used to efficiently extract the energy from a tightly bunched electron beam. However, the off synchronous "tuning" decreases the growth rate within the structure, increases its length, and enhances the possible growth of hybrid modes. These modes can efficiently drive the electrons to the tube wall and cause beam break-up instability (BBU) problems [8] , [9] . These effects will nullify the improved TWT amplification process and cause microwave pulse shortening.
In the last section of this paper, we present simulation results based on a model reported elsewhere [10] [11] [12] . These reveal that as long the beam is aligned with the structure to better than the beam radius excitation of the hybrid modes is small, even if we assume that the power at the input is four times that in the symmetric mode.
In the following sections we describe the experimental arrangements used and then describe the results showing high-efficiency amplification in the TM mode without serious competition from the hybrid modes. This coupling is further investigated theoretically.
II. EXPERIMENTAL ARRANGEMENT
We show schematically the experimental arrangement for the amplifiers in Fig. 1 . An 80-ns duration pulsed electron beam having an energy of 700 kV and a current of 200 A in a 7-mm diameter beam is guided by a 1-m long, 0.5 T, axial magnetic field through the structures. The beam voltage and current are flat to better than 4% and 2%, respectively. The input microwave signal to the amplifier is provided by a magnetron coupled to the amplifier through a sidearm and ranges from a few hundred watts up to about 30 kW. The base pressure in the system is 10 T. Details of the differences between the amplifiers (referred to as Amplifiers A and B, respectively) are indicated in Table I .
In both cases, the amplifier uses a dielectric preamplifier stage. The dielectric used, Boron Nitride ( = 4.7), has a length of 12 cm (including two 0.5-cm-long tapers) and internal and external radii of 12.2 and 15.7 mm, respectively. The input and output ends of the dielectric are tapered to minimize reflections. The stage is designed such that the cold wave phase-velocity = 0.91 at 9.0 GHz, is synchronous with the electrons. At 9.48 GHz, the highest frequency used in these experiments, the normalized wave phase velocity has dropped to = 0.87. The spatial growth rate for synchronous electron flow is calculated to be 1.74 dB/cm and the gain as 9.6 dB. The second stage of the amplifiers uses a nonuniform disk-loaded structure. The disk loaded structures have two regions, the first a "long" bunching section, and the second an output section. The two sections are joined by a short disk loaded taper. The relevant design figures for amplifiers are summarized in Table I and by the dispersion relations shown in Fig. 2 . The dispersion curves include the axi-symmetric TM mode and the lowest branch of the dipole like HEM mode. The input and output to the second stage consists of a tapered disk loaded guide designed to keep reflections to a minimum. In both amplifiers the periodic length of the disk-loaded sections is 7.5 mm, of which 1.5-mm comprises the disk. The periodicity corresponds to phase advance per cell of at 9 GHz. The dielectric and disk loaded sections are separated by a sever consisting of four orthogonal SiC fins joined to the outside wall of the tube and tapering in from 17.13 mm to 11.1 mm radius. Each fin has a length of 11.5 cm and a thickness of 3 mm. The single pass attenuation of the sever is greater than 17.5 dB in the TM mode, and the power reflection coefficient of the sever less than 1%. Similarly designed absorbers are located at the input of the amplifier and after the output taper. In the former case, a six-finned structure is used, whereas after the output taper a four-fin absorber was used. The sever and absorbers are essential for good operation of the amplifier, since it is important to limit feedback from the amplifier output to the input for both symmetric and asymmetric modes.
The microwave signal from the magnetron is coupled into the cylindrical waveguide immediately following the front-end absorber. Some tuning is available from a second rectangular guide arm located directly opposite to the input arm. The tuner is used to minimize coupling into the TE /TM modes of the circular waveguide. The input coupler tuning does not couple the maximum power into the circular guide but does ensure that more than 90% of the input signal is in the required TM mode. The sever following the dielectric amplifier section also serves to further reduce the amplitude of the dipole mode injected into the disk loaded amplifier. The symmetric mode is also reduced, but the beam bunching is retained through the sever section, and serves to allow wave reconstruction at the entrance to the disk loaded amplifier sections.
In some of the experiments to be described in the following sections, a coaxial output configuration, consisting of a coaxial hollow metallic tube with 10.6-mm outer diameter, was used to decouple the electron beam from the amplified microwave signal. The coaxial transition also functions as an efficient mode converter from the symmetric TM mode in the circular tube to a TEM mode in the coaxial section. The inner of the coaxial conductor also serves as a beam dump for the electrons. The transition is typically designed to operate correctly close to the end of the output section and before the wave has speeded up in the tapers. We show in Fig. 3 the power reflection coefficient for structure A with and without the coaxial mode converter/ beam dump, including the four-cell transition section between the buncher and output sections of the amplifier. For the complete frequency range used the power reflection coefficient is less than 3%. We also show in the same figure the reflection coefficient for structure B without the mode converter. In this case the reflection is less than 2% for frequencies in the range 9.0 to 9.2 GHz and rises rapidly thereafter. In the experiments reported here, the coaxial converter was only used with amplifier A.
Measurements of the microwave amplitude are made immediately following the dielectric amplifier and after the disk loaded amplifier output taper. Measurements are made within the coaxial guide, when the inner conductor is in place. The microwave signal is measured using previously calibrated electric field (E field) probes located in the walls of the guide.
The detected signal is split into two parts with one going to a crystal detector to determine the power envelope and the other going to a double balanced mixer where the frequency of the amplified wave is checked. The IF signal is also checked to determine the spectral content of the amplified pulse.
III. EXPERIMENTAL RESULTS
In this section of the paper, we describe the experimental results obtained for the two amplifiers studied. In both configurations, the same dielectric-loaded waveguide was used as the input buffer amplifier. The role of the first stage is to absorb the injected microwave signal and to premodulate the beam. We require a low gain for this stage because the reflection from the input coupler junction is relatively large and it is easy, if the gain is too large, to develop sidebands from the reflections. Following the dielectric section we have a (four-vane) sever. A four-vane SiC absorber is also located at the output end of the disk-loaded amplifier. Both the sever and the absorber have low reflection coefficients and may be used in amplifiers having gains of order 40-50 dB. Note that the sever effectively eliminates the amplified signal from the first stage but allows propagation and further bunching of the electron beam prior to the tapered entrance to the disk loaded sections. Fig. 4 shows a typical output and beam data taken from amplifier B (at 9.145 GHz) at a location following the output taper; no mode-converter was used. Similar output was measured for amplifier A and the results were published in [13] . The picture shows the beam voltage and current waveforms, together with the detected microwave power envelope. Part of the detected signal is fed to a double-balanced mixer, which uses the signal from an X-13 klystron as the local oscillator. The IF signal is displayed in both cases together with an FFT of this signal. Note that the microwave power signal follows the power envelope of the beam and that there is no evidence of pulse shortening. For amplifier B, the data shown corresponds to an output power 45 MW; the input power to the amplifier was 1.2 kW. Similar data [13] was measured at the maximum output power of 78 MW using amplifier A and with the output mode-converter in place. The conversion efficiency during the "flat top" of the pulse was 54%. Allowing for the actual rise and fall time of the beam pulse, and for which amplification did not occur, this data yielded a 43% energy conversion efficiency. With a longer pulse duration and/or better rise time the power and energy conversion efficiencies should become closer to the measured power conversion efficiency. In the absence of the output coupler, the best performance of the amplifiers showed output powers of 63 MW (for A) and 58 MW (for B) from the 700-keV beam. We summarize the top performance of the two amplifiers in Table II. Experiments have also been carried out with a 300-A beam current and at a beam energy of 800 keV using amplifier A. Output signals similar to those shown in Fig. 4 have been obtained but at power levels of up to 120 MW corresponding to an efficiency of 47%. These results were obtained in the absence of the coaxial beam dump. Higher power levels and efficiencies would be expected with the output converter in place. Fig. 5 shows a plot of the output power versus the input power for amplifier A at 9.48 GHz without the coaxial mode converter. There is a well-defined linear operational range. The measured gain at 9.478 GHz, obtained with input signal levels of less than 10 kW, is about 35 dB. The signal saturates at approximately 60 MW. Less-detailed data was obtained for structure B where the gain was approximately 43 dB at 9.145 GHz. In Fig. 6 , we show plots of the frequency response of the amplifiers indicating that the 3 dB bandwidth is at least 300 MHz with that for amplifier A being, as expected, greater than that for amplifier B. It is noted that above 9.3 GHz the fluctuation level in the output of ampli- fier B increased significantly. This is expected considering the increase in the reflection coefficient of the output section above 9.2 GHz. In all other cases, however, the amplifier outputs are smooth and the measured FFT signals are similar to those illustrated in Fig. 4 .
A. High-Power and High-Efficiency Operation

1) Amplifier gain and frequency response:
2) Hybrid mode excitation: As indicated above there was no evidence of shortening of the microwave pulse in the experiments. Note that in amplifier A the hybrid mode dispersion relation is almost superimposed on the TM mode, whereas in amplifier B the modes are well separated (see Fig. 2 ). We have, in addition, carried out a detailed check of the output at frequencies other than the input magnetron frequency. In these experiments, using amplifier A, we used a high-pass filter to eliminate the amplified signal at the input wave frequency and searched using the power envelope detector and a double-balanced mixer for signals at other frequencies, especially at the expected hybrid mode interaction frequency. Some microwave power was detected between 9.4 and 9.8 GHz with a peak power level about 25-30 dB lower than that of the amplified signal. As may be checked in Fig. 2(a) , amplification in the TM mode at the frequency, 9.6 GHz corresponds to synchronous operation with the electrons. Synchronous interactions in the HEM mode would occur around 10.5 GHz. No signal has been detected at this frequency at power levels down to 40 dB lower than that of the amplified TM signal. Similar results were obtained using the second amplifier.
We have attempted to deliberately enhance the probability of hybrid mode excitation by use of an asymmetric beam. In this case the beam cross section was made approximately elliptical with a two to one variation in the major and minor radii. The asymmetric beam was propagated through the tube in two orthogonal orientations. In neither case did we detect any hybrid mode coupling. This result was reinforced by checking the detected signal in two orthogonal planes. The experimental results show an azimuthally symmetric field distribution, another indicator of the absence of HEM mode. The asymmetric HEM mode signal level was insignificant even when the input wave excitation was preferentially made using a TE or TM mode. Finally, we propagated a regular pencil beam off axis so that one part of its outer extremity propagated along the guide axis. Once again, there was no evidence of significant growth of the hybrid mode. Further reinforcement of these results was obtained from simulations that rely on a theoretical model [10] [11] [12] . These results will be presented following a discussion of the experimental results.
IV. DISCUSSION
The data presented above showed the efficient operation of two different -band TWT's using nonuniform slow wave structures, in which traveling wave bunching sections have cold phase velocities well above that determined by the synchronous condition. The amplifier performance came relatively close to the PIC code predictions 58%. The achieved power and efficiency level was comparable to that obtained in recent high-power klystron experiments [14] , [15] . The beam bunching in the amplifiers develops in the traveling wave bunching sections and the power extraction occurs mainly in the short traveling wave output sections. For a given beam, the interaction is determined by the phase velocity in the slow wave structures. The two amplifiers have different cell dimensions, and therefore different interaction impedances, passbands, and lengths. However, the cold wave phase velocities and phase-advance per cell at 9.0 GHz for TM mode were kept constant at for both amplifiers. As a result the experimental performance of the amplifiers is similar.
Operation of the buncher in a regime where the cold phase-velocity is high, entails lower gain, and consequently, requires a longer interaction distance to achieve a given degree of beam bunching. In long uniform structures, the probability of excitation of the BBU instability, associated with the growth of nonazimuthal symmetric HEM modes, is increased. Its effect would be to drive the beam to the wall [8] , [9] . The two structures examined have different gain characteristics and dispersion relations. Specifically, their gains differ by about 10 dB and the HEM mode overlaps the TM mode for structure A and is separate from it in structure B. Structure A is also much longer than structure B. We have not found any experimental evidence of excitation of HEM modes in either structure, as indicated by the absence of wave excitation at the expected HEM mode interaction frequencies, and by the propagation of the injected beam current throughout the whole structure without significant loss.
The measured frequency-spectrum of the amplifiers approximates that of a square pulse modulated with a single frequency signal, and its 20-30-MHz width is approximately equal to that expected for the pulse power duration. The measured single frequency spectrum is indicative of the absence of reflections and the excitation of spurious modes. The three severs and the transition sections contributed to the effective suppression of reflections inside the structures. It is observed in the experiment that the first absorber is essential for stable performance of the dielectric modulation stage and the overall amplifier performance. Structure B has higher gain and higher reflections above 9.2 GHz. As a result, the relevant spectral width is somewhat broader. Further minimization of reflections could be achieved by exponential tapering of the cells' inner radii within the transition sections. In the experiments linear tapering was adopted for experimental convenience. It is noteworthy that these spectrum improvement methods do not impose any pulse duration limitations or sacrifice any of the power handling ability of the structures. The successful operation of the amplifiers over the available magnetron frequency range demonstrates that these methods also enable broadband operations.
Theoretical models developed in the past for the description of the interaction in a traveling wave structures, focused exclusively on the symmetric mode. Recently, in parallel with the experimental studies reported here, we developed [10] [11] [12] a theoretical model that takes into consideration asymmetric modes. In principle, it calculates the full three-dimensional (3-D) dynamics of the particles and 3-D variations of the electromagnetic field though we assume that the interaction affects the field variation only in one direction-parallel to the main motion of the electrons. We shall employ a simplified version of the model in order to investigate the interaction process in the second stage of the system where the main interaction occurs. The results presented focus on structure A ignoring the tapers at the input and output end. It includes the 45 cells of the buncher section, the seven cells of the output region, and four transition cells. The operation frequency of the TM mode is assumed to be 9.2 GHz. Other than the symmetric mode it is assumed that there might be two additional asymmetric modes in the system: one (HEM ) can be excited by the beam in the buncher which will oscillate at 10.866 GHz and a second which may be excited by the beam in the output section which will oscillate at 10.227 GHz. Table III summarizes the characteristics of the modes in the two main regions. The italics represent the corresponding figures for the mode operating in the "complementary" region; for example, if the beam excites the first HEM mode (10.227 GHz) in the output its phase velocity is 0.907c, but in the buncher section its phase velocity is 1.035c. In a similar way, the beam generates in the buncher the second HEM mode at 10.866 GHz and when this wave propagates in the output section its phase velocity is 0.634c. Fig. 7 illustrates the variation of the phase velocity of the HEM modes along the interaction region assuming a smooth linear transition between the bunching and output regions. The lower frame illustrates the (normalized) interaction parameter for the corresponding modes where total length of the structure (56 periods); average power in the specific mode; amplitude of the longitudinal electric field on axis. With thee quantities in mind we employ a one-dimensional (1-D) version of the model mentioned above that is represented by the following set of equations: Fig. 8 . The buildup of the power (and efficiency) along the second stage of the amplifier for two cases. The solid line represents the case when the beam is on the symmetry axis of the structure, and the dashed line when the beam is off axis and its edge grazes the symmetry axis of the structure. In both cases the other two HEM modes are assumed to be zero along the entire interaction region.
c.c.
where the indices represent 1-TM mode, 2-HEM (10.277 GHz), and 3-HEM (10.866 GHz). In addition, the space charge term associated with the TM mode is given by and we neglect the other space-charge terms corresponding to the other two modes; is the electron beam area.
The first question considered was whether misalignment of the beam may directly affect the interaction with the TM mode. Fig. 8 illustrates the buildup of the power (and efficiency) along the second stage of the amplifier for two cases. The solid line represents the case when the beam is on the symmetry axis of the structure, and the dashed line when the beam is off axis and its edge grazes the symmetry axis of the structure. In both cases the other two HEM modes are assumed to be zero along the entire interaction region. We observe that the two cases are virtually indistinguishable and power levels of 60 MW at 40% efficiency are achievable (for a 720 kV, 200 A beam). We conclude that for this typical set of parameters, misalignment on its own does not alter dramatically the interaction of the beam with the symmetric TM mode. In this simulation and in the others that follow, it is assumed that the space-charge wave modulation at the input of the structure (buncher) corresponds to an axial electric field of 0.73 MV/m, which in turn corresponds to a 200 kW input power.
At this point, we "turn on" the HEM modes and it is assumed, as a result of reflections, that there is some amount of power in addition to that in the TM mode-specifically, we assume [HEM GHz] kW and [HEM GHz] kW. Both are significantly smaller than at the input to the disk-loaded structure. Fig. 9 shows results of the simulation which includes all three modes with the beam on and off the waveguide axis. The top frame illustrates the results when the beam is on axis and shows that the power remains unaffected by the presence of the asymmetric modes. It reaches the 60 MW level and the amplification of the asymmetric modes is insignificant and is such that the severs, included in the experimental system, should readily suppress them. When the beam is off axis the simulation shows a 10 MW drop in the power of the TM mode, the dashed line shows the unaffected mode for comparison. In addition we observe an increase in the output power of the asymmetric modes to order of 1 MW corresponding to at least 10 dB amplification compared to the on axis case (top frame). It is interesting to note that although is supposedly excited in the output section it interacts efficiently with the beam in the buncher region; this is because its phase velocity is larger than and its interaction impedance is ten times larger there than in the output region. In fact, in the output section, it seems that the wave looses energy.
at the same time increases monotonically and it interacts efficiently in both the buncher and output sections, in spite the fact that the mode was "supposed" to interact primarily in the buncher region. The conclusion from this series of simulations is that when significant asymmetry in the system occurs such that the hybrid mode may interact efficiently with the beam, the symmetric mode may be affected even if the initial power in the asymmetric modes is small. Note that in the experiments reported above, the suppression for the reflections in the TM mode are better than 40 dB and although we do not know exactly the suppression of the hybrid mode reflections, even if it is 20 dB, then it is still more than sufficient to suppress the 10 dB gain associated with the asymmetric modes.
Let us now assume that due to impedance mismatch at the end of the structure, the amount of power that develops in one of the asymmetric modes is of the same order of magnitude as that for the TM beam modulation (200 kW). When the beam is on axis, no significant impact on the interaction was observed. However, when the beam is off axis, we observed a significant reduction of the TM mode output power as shown by the upper frame in Fig. 10 which illustrates the spatial development of the power for the three modes for = 0.21 MW and = 0 W. The power in the symmetric mode dropped below 40 MW and the power of the first hybrid mode increased by more than 10 dB to about 3 MW; the second hybrid mode in these conditions was unimportant. A significant impact of the second hybrid mode was observed when the beam is off axis and when the power at the input was about a factor of four larger than the power in the TM mode, i.e., = 0.83 MW. The power in this case increases by almost 15 dB. The reduction in the power in the TM mode is similar to that in the previous case.
The last result from this set of simulations is shown in Fig. 11 . It illustrates the dynamics of all three modes when the initial power in the hybrid modes is large ( 0.8 MW) comparing to that in the symmetric mode (0.2 MW). The latter grows by less than 25 dB to about 23 MW and the hybrid modes grow to 4 and 6 MW. It should be pointed out that this behavior corresponds to the case of a beam off axis. If the latter is on axis, there is no significant change in the power of the TM mode which reached the 58 MW level. Even in these conditions namely, power levels in the hybrid modes at the input reaching the 1 MW level, the hybrid modes are relatively easily suppressed assuming that the overall reflection coefficient from both ends is at least 20 dB.
All the frames in Figs. 9-11 show that the phase mismatch plays an important role in the interaction of the asymmetric modes since the power fluctuations in space of these modes is by far more significant than the symmetric mode that grows monotonically until it reaches saturation. It should be emphasized that no reflected waves are explicitly taken into consideration in this formulation therefore the power fluctuations are not due to interference.
These simulations provide a quantitative trend regarding the development of hybrid modes in slow wave structures. It is quite evident that if the electron beam is well-aligned, then the excitation of hybrid modes is very unlikely if the overall reflection coefficient is several decibels larger than the gain. Therefore, the presence of the SiC absorbers as well as the tapers is crucial for the suppression of the hybrid modes as well as eliminating the reflections in the TM mode. One important conclusion of the present analysis is that hybrid modes may interact fairly efficiently with an electron beam even in a region where they are not "supposed" to, since their phase velocity is larger than , as is the case with the first hybrid mode that interacts very efficiently with the beam in the buncher region. In this regard, the tapering in our structure does not seem to cause a decoherence of the hybrid modes however, this may be also attributed to our tacit assumption that the transition from one section to another is adiabatic and no wave is reflected. Finally, as regards these calculations, the magnetic field was tacitly assumed here to be very large and no transverse motion was considered, i.e., the calculation considers the HEM wave growth but not its effect on the transverse dynamics. The latter generates a positive feedback, that with a finite magnetic field, is responsible to beam break-up. As the beam expands due to significant radial force, the coupling of the beam to the wave(s) is larger, therefore the radial force increases and the beam further expands. In earlier publications [12] , [13] , we showed that the magnetic field is crucial in determining the beam expansion in either the case of an high efficiency TM interaction, or in the presence of hybrid modes, or both. The experimental data presented in this study indicates that a typical magnetic field of 0.5 T is sufficient to confine a 200-300-A beam even when the efficiency is as high as 54%.
V. CONCLUSION
In conclusion, we have demonstrated experimentally that nonuniform disk-loaded traveling wave amplifiers may be used to produce high-efficiency, high-power microwave signals. The use of adiabatic transitions between sections together with the extensive use of severs suppresses hybrid modes and eliminates sideband development. Microwaves powers of up to 120 MW have been generated. The maximum power conversion efficiency was 47% with no center conductor, and 54% when a center conductor was used. The energy conversion efficiency reached a maximum value of 43%. Spectra with 20-30-MHz bandwidth have been obtained. The amplifiers have an instantaneous bandwidth of at least 2.5%. Pulse shortening and hybrid HEM modes were not observed in the amplifiers, even when strong asymmetries were introduced in the beam cross section and/or the input wave .
The theoretical investigation focused on the interaction of the beam with the hybrid modes that may develop in the structure. It was shown that the typical gain in a 56 periods long structure of either one of the hybrid modes is less than 15 dB. Since no oscillation was observed at the frequencies of the hybrid modes we conclude that the overall reflection coefficient is at least 15 dB and probably smaller. Other than strong suppression with absorbers and tapers, our study indicates that beam alignment is important and the combination of misalignment and reflections may effect the operation of the system. Finally, we show that the hybrid modes may interact efficiently with the beam, in the presence of a symmetric mode, even if its phase velocity is more than 30% higher than the speed of light. Therefore a mode that may be excited by the beam in a specific region may interact with the beam over a substantially extended region, provided that the TM mode is also present. The limited impact of the hybrid mode on the interaction of a beam with a symmetric mode and beam in a traveling wave structure has important implications on the feasibility of generating high-power microwave in the millimeter regime using traveling wave structures.
